Abstract. A set of hindcast simulations with the new NEMO3.6 ocean-ice model in the ORCA1 grid and forced by the DFS5.2 atmospheric data was performed from 1958-2012. We focussed on simulations that differ only in their sea-ice component: the old standard version LIM2 and its successor LIM3. Main differences between these sea-ice models are the parameterisations of sub-grid-scale sea-ice thickness distribution, ice deformation, thermodynamic processes, and sea-ice salinity. Our main objective was to diagnose the ocean-ice sensitivity to the updated NEMO-LIM sea-ice physics. Results of such analysis have 5 not been published for this new NEMO version.
In addition to the two reference simulations, we carried out sensitivity simulations to determine how significant and systematic differences between LIM3 and LIM2 are. In these sensitivity simulations, processes related to ocean-ice interactions were regulated and adjusted. In this way, we were able to isolate the impacts of individual processes and quantify their significance.
First, we switched NEMO-LIM3 into its single-category mode which employs a virtual ice thickness distribution parameterisation, which make the model simpler and computationally cheaper than with multiple categories. Then, instead of using a 15 prognostic salinity profile, we set the LIM3 sea-ice salinity to a constant value of 4 ppm, similarly to LIM2. As a result of the single-category and constant sea-ice salinity, LIM3 is physically to a greater extent closer to LIM2, is computationally fast, but more realistic than LIM2, particularly in the Arctic, as we will show.
The second set of sensitivity experiments were performed to examine the impact of ocean surface boundary conditions on ocean-ice properties, and therefore to see how robust our LIM3-LIM2 comparison results are. For this, we carried out 20 NEMO-LIM2 and NEMO-LIM3 simulations where the mean sea level controls were switched off by setting nn_fwb=0 and nn_ssr=.false. in the NEMO configuration namelist. After completing these NEMO-LIM2 and NEMO-LIM3 simulations without freshwater adjustments, we calculated and compared their differences to the corresponding ones based on the reference simulations where the freshwater controls were kept on.
Reference data
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When quantitatively assessing the modelled sea-ice and upper ocean realism, we included comparisons with satellite-based and reanalysis products of sea-ice concentration, thickness and velocity. Since 1979, space-borne passive microwave sensors have produced a nearly continuous and consistent record of ice concentration which provides a good basis for model validation.
For sea-ice concentration we used the NOAA/NSIDC Climate Data Record of Passive Microwave Sea Ice Concentration, Version 2 (Meier et al., 2013) , which covers both polar regions at a 25 km grid cell size. The observed sea-ice extent data, 30 which were based on satellite observed sea-ice concentrations, are the NSIDC Sea Ice Index (Fetterer et al., 2002) . For sea-ice velocity analysis, the OSI-SAF product by Lavergne et al. (2010) was used. Sea-ice thickness and volume were compared with reanalyses from the Pan-Arctic Ice-Ocean Modeling and Assimilation System (PIOMAS) for the NH, and from the Global Ice-Ocean Modeling and Assimilation System (GIOMAS) for the SH (Schweiger et al., 2011) . It is worth noting that these ice thickness data are model products, not entirely based on observations and have significant uncertainties.
For hydrographic comparisons, we decided to use two observational data sets. First, we selected aforementioned PHC3, which is a global climatology with a combination of NODC's 1998 world climatology, the EWG Arctic Ocean Atlas, and selected Canadian data provided by the Bedford Institute of Oceanography (Steele et al., 2001) . PHC3 was updated with the 
Sea-ice results
In this section, we analyse how well LIM reproduces large-scale climatological sea-ice properties (ice areal coverage, volume 20 and drift). In order to evaluate the new sea-ice model, we compare LIM3 results to satellite observations, reanalysis data and as well as to the equivalent LIM2 simulation. All mean fields are computed over the last decade of integration, from 2003 to 2012. As the LIM3 sea-ice properties have already been analysed by (Vancoppenolle et al., 2009b; Massonnet et al., 2011; Vancoppenolle et al., 2015) and our results agree rather well with theirs, we only shortly present our sea-ice findings and merely focus on the sensitivity simulations and oceanographic analysis in the sections following this one. 
Sea-ice concentration and extent
In the NH in September, the geographical distribution of LIM3 sea-ice concentration presents high values in the Canadian Arctic Archipelago with a realistic latitudinal decrease toward the Eurasian Arctic (Figure 1a ). LIM3 tends to generally underestimate the ice concentration, by ∼20% in the central Arctic to ∼50% in the East Siberian Sea (Figure 1b manage to melt enough ice and systematically overestimates the NH sea-ice extent. On the contrary, the LIM3 multi-category sea-ice thickness distribution allows for larger rates of melting due to its thin ice categories compared to the single-category LIM2, and enhances the seasonal cycle of sea-ice extent bringing it closer to observations. by 50%. The two LIM models show comparable negative sea-ice extent trends in March, which are less negative than satellite observed trends. In September, the LIM3 trend is close to the observed one, while the LIM2 negative trend is too small. As concluded by Wang et al. (2016a) , models which overestimate the Arctic sea-ice thickness, as does LIM2, have a too low September trend, while LIM3, which has a thinner ice, produces a realistic September trend.
In the SH, the LIM3 sea-ice edge is generally well located in the austral summer and the geographical distribution is 20 correctly represented (Figure 1d , e). LIM3 sea ice is mostly confined to the western Weddell Sea, the southern Bellingshausen and Amundsen Seas and the southeast Ross Sea. Some differences with satellite observations are present. Notably, LIM3
underestimates the narrow fringe of sea ice around the East Antarctic coast and its sea ice also disappears excessively in the western Weddell Sea, where the model has a lower sea-ice concentration than observed, also indicating that its sea ice is too thin regionally. The LIM2 sea-ice concentration is everywhere larger than the LIM3 one and the observed one across most of 25 the Southern Ocean, with the largest differences in the Ross Sea and the eastern Weddell Sea (Figure 1f ).
Both LIM models have a seasonal cycle of sea-ice extent with too large amplitudes (Figure 2c ). Periods of sea-ice growth are shorter, and sea-ice growth/melt rates are faster than observed. In LIM3, the monthly minimum sea-ice extent in February is less than the observed, while the maximum sea-ice extent in September is overestimated with a seasonal amplitude of 19.2×10 ). The LIM2 minimum extent appears to be in better agreement with the NSIDC data, but the 30 ice growth is even faster than in LIM3, and therefore clearly unrealistic. As a result, the LIM2 seasonal cycle amplitude is
The time series of annual mean sea-ice extent of LIM3 is rather well reproduced and closely follows observations ( Figure   2d ), but the sea-ice summer retreat is systematically too strong and summer extent too low. The LIM3 low summer sea-ice extent can be explained by the ice-albedo feedback, which is governed by the fast melting of thin ice enabling an effective
Geosci. Model Dev. Discuss., doi:10.5194/gmd-2016 Discuss., doi:10.5194/gmd- -187, 2016 Manuscript under review for journal Geosci. Model Dev. Published: 18 August 2016 c Author(s) 2016. CC-BY 3.0 License. penetration of solar energy into the upper ocean. This occurs particularly in the marginal sea-ice zone, where the sea-ice concentration is low and ice thin. The effective ice-albedo feedback also promotes a higher bottom melt leading to thinner ice.
Due to its multi-category sea-ice thickness distribution, these processes significantly reduce the LIM3 sea-ice concentration in summer compared to LIM2.
In the SH in September, both LIM models present statistically significantly increasing sea-ice extent anomaly trends, con-5 sistent with observations. However, these modelled September trends are larger than the observed trend. The increase of the Antarctic sea-ice extent has been explained by a range of mechanisms. Many studies attribute the increase of sea-ice extent to changes in the atmospheric dynamics, mainly by the increasing trend of the Southern Annular Mode, which in turn has strengthened westerly winds around the Antarctic continent and deepened the Amundsen Sea Low. Stronger westerlies effectively spread sea ice to north and a deeper Amundsen Sea Low increases the sea-ice production in the Ross Sea (see for 10 example, Lefebvre and Goosse, 2008; Holland and Kwok, 2012; Massonnet et al., 2013; Turner et al., 2015) . Another potential, simultaneously affecting mechanism increasing the sea-ice extent is the freshening of the Southern Ocean surface, which stabilises the surface layer, reduces the oceanic heat from below and therefore the associated ice melt (see for example Hellmer, 2004; Bintanja et al., 2013) . Our model configurations do not implement the inter-annually increasing freshwater forcing, but despite that are able to reproduce the increase of winter Antarctic sea-ice extent. This implies that changes in windiness are 15 likely to be a major mechanism driving the SH sea-ice extent increase. Notably, the LIM modelled trends are larger than the observed ones, which may indicate a too sensitive ice drift response to increasing windiness, a too fast moving model sea ice and a too far northern winter sea-ice edge, as also supported by earlier studies (Uotila et al., 2014; Lecomte et al., 2016) .
Sea-ice volume
In the NH, the monthly mean LIM3 sea-ice volume, which is the domain integral of the sea-ice thickness multiplied by sea-ice 20 area per grid cell, varies from the minimum of 2.9×10 In the SH, the LIM models' monthly mean sea-ice volume reaches its maximum in October and then decreases to 1,600 km 3 in February. The GIOMAS monthly mean sea-ice volume maximum occurs already in September from which it decreases to 2,800 km 3 in February. In general, the GIOMAS monthly mean sea-ice volume is higher than the LIM ones, with a distinctly 30 different seasonal evolution. When comparing the LIM SH sea-ice volumes with GIOMAS, one should remember that the LIM3 SH sea-ice extent is smaller and closer to the observed than the one of LIM2. Hence, the LIM3 mean ice thickness, which is the ratio between sea-ice volume and extent, is more realistic than the LIM2 mean ice thickness, because their sea-ice in both LIM simulations. During the last simulated decade, the annual mean area fluxes through Fram Strait correspond to more than 10% of the winter ice covered area, being 0.86 (0.89) million km 2 in LIM3 (LIM2), both being comparable to estimates based on SAR data (Smedsrud et al., 2011) .
In the SH, the LIM models feature similar and realistic looking distribution of the September ice drift (Figure 3) . They show realistic patterns of the Weddell and Ross Gyres, the westward coastal and eastward offshore circumpolar currents. The 5 observed OSI SAF drift generally compares well with the modelled ones in terms of their large-scale velocity field patters although the modelled speeds appear faster than observed, particularly along the ice edge. That suggests that LIM models simulate the Antarctic sea-ice drift reasonably well albeit somewhat too fast which seems to be a consistent ocean-ice model bias (Uotila et al., 2014) .
As in the Arctic, the two LIM models have similar sea-ice velocity magnitude within the central ice pack, but larger dif-10 ferences appear close to the ice edge, where the LIM3 ice drift is ∼2 cm/s faster than LIM2, and in the coastal areas, where LIM2 speed is ∼2 cm/s faster than LIM3 (Figure 3f ). Close to the ice edge, LIM3 has a smaller ice extent and a lower ice concentration at regions. There the LIM3 ice motion is closer to the free drift and therefore faster that LIM2 ice motion. In the coastal areas, differences in ocean currents and ice deformation parameterisations are likely causes for the velocity differences between the LIM models. The horizontal, perpendicular-to-coast salinity gradient is stronger in LIM2 than in LIM3 in a way 15 that LIM2 coastal surface waters are fresher, while off the coast LIM2 surface waters are saltier than in LIM3. This difference in the salinity gradient modifies the density gradient, coastal geostrophic currents and ice drift along the coast.
Sea-ice salinity
One important new feature in LIM3 is the prognostic sea-ice salinity compared to the constant 4 ppm sea-ice salinity in LIM2 (Vancoppenolle et al., 2009a) . LIM3 explicitly includes the salt water entrapment and drainage in sea ice, where it also impacts 20 on the ice thermodynamic variables such as the specific heat, conductivity and enthalpy. Furthermore, when snow-ice is formed by flooding and freezing of a relatively thick snow layer on top of ice, the LIM3 snow-ice becomes saline in contrast to the LIM2 fresh snow-ice. Vancoppenolle et al. (2009b) found that these improvements impacted on the LIM sea-ice volume, and that the LIM3 sea ice compared better with observations than the LIM2 sea ice.
This improved realism is existing in our simulations, as shown in previous sections describing the LIM sea-ice extent 25 and volume. It is likely that to some extent the more realistic LIM3 sea ice is due to the advanced salinity dependent halothermodynamics and a more realistic seasonal cycle of sea-ice salinity, and associated upper ocean freshwater fluxes. In winter, newly formed LIM3 sea ice preserves a higher salinity than in LIM2 (Figure 4) . In contrast, in summer, the remaining LIM3 sea ice has a 2-4 ppm lower salinity than LIM2 in the Arctic. However, during the Antarctic summer, the LIM3 sea-ice salinity stays relatively high, except at the ice edge. This is due to the fact that even in summer air temperature remains at freezing 30 over the coastal Antarctic seas. As in Vancoppenolle et al. (2009b) , our simulations confirm that the LIM3 prognostic sea-ice salinity behaves realistically and compares well with the available observations. Based on rather descriptive analysis of differences between the LIM models, presented in the previous section, we have gained a relatively comprehensive understanding of how their global sea-ice distributions compare. In this section, we address what makes LIM3 sea ice different from LIM2 sea ice. Model grid and atmospheric forcing are identical; sea-ice differences can only arise from differences in sea-ice model physics parameterisations and these differences can be further amplified by ocean-ice 5 feedback processes. To find out which parameterisations are of importance in producing LIM model differences, we performed and analysed some additional simulations.
NEMO-LIM3 single-category simulation
LIM3 differs from LIM2 in two important aspects: LIM3 has a multi-category sub-grid-scale sea-ice thickness distribution and multilayer halo-thermodynamics scheme with prognostic non-constant sea-ice salinity profile. We tested the effect of these 10 parameterisations by carrying out a LIM3 simulation with a single-category sea-ice thickness distribution having a virtual ice thickness distribution and a constant 4 ppm sea-ice salinity. Importantly, by setting the LIM3 sea-ice salinity constant, along with its two vertical ice layers and one snow layer, its thermodynamics scheme becomes similar to the LIM2 one. However, the initialisation procedure of LIM3 is different from the one used in LIM2, as explained in Section 2.3. We denote the LIM3 single-category simulation as LIM3MC.
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In terms of NH sea-ice extent, LIM3MC is located between LIM3 and LIM2, and in the SH its annual-mean sea-ice extent follows closely to the one of LIM2 (Figure 2b and d) . However, the monthly sea-ice extent climatology of LIM3MC is distinctly closer to LIM3 and does not have the distorted shape of LIM2 monthly sea-ice extent climatology (Figure 2a and c) .
Furthermore, the summer minimum and winter maximum of LIM3MC sea-ice extents differ significantly from LIM2 ones.
This result suggests that the use of the single-category and constant salinity parameterisations brings LIM3 sea ice closer to 20 LIM2 output, as expected, but significant differences remain.
The LIM3MC sea-ice volume relative to two other LIM simulations is more different in the SH than in the NH. In the Southern Hemisphere, the LIM3MC sea-ice volume immediately diverts from LIM2 and LIM3, although its annual mean seaice extent remains rather close to LIM2 with a seasonal variability closer to the LIM3 one. It is possible that strong ocean-ice feedback processes in LIM3MC affect the melting and freezing rates during its first simulation year, and associated fluxes of 25 salt and freshwater. This in turn modifies the upper ocean stratification and oceanic heat, which result in further differences in LIM3MC sea-ice volume that adjusts above the LIM2 level. The 20 cm thicker LIM3MC initial snow might have contributed to the differences in sea-ice thickness between LIM2 and LIM3MC by reducing the spring melt at the end of the first simulation year resulting in a relatively high sea-ice volume minimum in summer that persists through the simulation. After this, the high LIM3MC sea-ice volume seems to be in a balance with the upper ocean adjusted during the first years of the simulation.
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In addition to sea-ice thermodynamics, the sea-ice salinity scheme modifies the ocean-ice salt and freshwater exchange, and upper ocean heat fluxes, which influence the evolution of sea ice. Compared to LIM2, the LIM3 multi-category sea-ice is saltier in winter due to its prognostic sea-ice salinity (Figure 4 ). This implies a smaller ocean-to-ice salt flux during freezing and a more stably stratified ocean surface layer, particularly in the Southern Ocean and in the Barents Sea where LIM3-LIM2 winter salinity differences seem particularly large (Figure 4) . If the LIM3 prognostic salinity was of primary importance, we would expect a higher sea-ice volume in the LIM3 prognostic sea-ice salinity simulation than in the LIM3MC constant sea-ice salinity simulation due to smaller salt rejection rates and associated ocean convection in the Southern Ocean. As this is not the case, the importance of the sea-ice salinity scheme, in modifying the sea-ice evolution by affecting upper ocean heat fluxes, 5 appears to be a secondary one compared to the effects of sea-ice salinity scheme on sea-ice thermodynamics and especially to the effects of sub-grid-scale ice thickness parameterisation.
Effects of freshwater adjustments
Following a common practise when carrying out forced ocean-ice simulations, we applied a fresh water budget adjustment and SSS restoring in our simulations. The freshwater budget, evaporation minus precipitation minus river runoff, was adjusted 10 from the previous year's annual mean budget to zero at the beginning of each simulation year.Additionally, we added a SSS dependent flux correction term on freshwater fluxes. This flux correction term practically damps the model top-level salinity towards the PHC3 top level salinity PHC3 everywhere, also under sea ice, in LIM2, LIM3 and LIM3MC simulations. These treatments prevent an unrealistic drift of the sea surface height due to errors in the prescribed freshwater budget components.
In addition to the common practise, we completed two otherwise identical integrations, one for LIM2 and one for LIM3,
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where we turned off the two freshwater adjustment mechanisms to see what kind of effect they have on our results. As expected, the ocean salinity drift became significant in the non-adjusted simulations, being strongest in the top layer, increasing its salinity by 0.4 psu in 54 years. This salinity change resulted in a global sea-level decrease of 8 m and also modified the ocean density structure. Related to this, a shallower mixed layer in the northern North Atlantic, a slightly weaker (1-2 Sv) Atlantic Meridional Overturning Circulation (AMOC), and a somewhat larger temperature drift were detected from the non-adjusted stimulations.
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Perhaps interestingly and in contrast to the North Atlantic, the Southern Ocean mixed layers were deeper without freshwater adjustments. Importantly, for the scope of this study, the effects of freshwater adjustments on sea-ice evolution were minuscule. LIM models produced almost identical sea ice, and therefore essentially identical ocean-ice differences, independent of whether the freshwater adjustments were turned on or off. This result implies that in coupled atmosphere-ocean NEMO-LIM configurations, where the freshwater adjustments must be turned off, the ocean-ice coupling is unlikely to generate issues. In 25 other words, if problems appear, they are related to the coupling and flux exchanges between the oceanic and atmospheric components.
5 Ocean hydrography and circulation
Arctic surface salinity
We now move on to explore differences in ocean properties between the two LIM versions. 
